Furthermore, using an integrated chip platform that can deliver both mechanical and chemical 34 stimuli, we examine sensory integration in interneurons in response to multimodal sensory 35 inputs. We envision that this system will be able to greatly accelerate the discovery of genes and 36 molecules involved in mechanosensation and multimodal sensory behavior, as well as the 37 discovery of therapeutics for related diseases. 
Abstract:

23
Understanding mechanosensation and other sensory behavior in genetic model systems such as 24 C. elegans is relevant to many human diseases. These studies conventionally require 25 immobilization by glue and manual delivery of stimuli, leading to low experimental throughput 26 and high variability. Here we present a microfluidic platform that delivers precise mechanical 27 stimuli robustly. The system can be easily used in conjunction with functional imaging and 28 optical interrogation techniques, as well as other capabilities such as sorting or more 29 sophisticated fluid delivery schemes. The platform is fully automated, thereby greatly enhancing 30 the throughput and robustness of experiments. We show that behavior of the well-known gentle 31 and harsh touch neurons and their receptive fields can be recapitulated in our system. Using 32 calcium dynamics as a readout, we demonstrate the ability to perform a drug screen in vivo.
Introduction
40
Mechanosensation is required for multiple sensory modalities such as touch, hearing, and 41 balance, and is linked to a multitude of disorders including deafness [1] [2] [3] [4] . Molecular mechanisms 42 for mechanotransduction have been partially elucidated using a variety of model organisms, 43 including Caenorhabditis elegans [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Conventional mechanosensation experiments with C. 44 elegans typically involve the manual delivery of a mechanical stimulus to anterior or posterior 45 regions of animals via an eyebrow hair or metal pick 5, [17] [18] [19] , and visual scoring of touch avoidance 46 behavior, an assay subject to considerable variability between experimenters. Computer-47 controlled stimulation methods, for example using a piezo-driven micro stylus, have been used 48 with electrophysiological and functional imaging approaches to deliver more repeatable 49 mechanical stimuli to animals 20, 21 . However, recording of neuronal responses by patch clamping 50 or calcium imaging in response to precisely controlled mechanical stimulation requires animals 51 to be immobilized with glue 15, 20, 21 , limiting experimental throughput and disallowing the 52 recovery of animals for screens or further experimentation. Moreover, gluing itself is likely to 53 affect neuronal or circuit response, and differences in the extent of gluing introduce additional 54 experimental variability.
56
Microfluidics has long been used as a "lab-on-a-chip" technology, allowing for well-57 controlled and high-throughput experiments with small samples 22 . In addition to enabling precise 58 perturbations on the micron scale, microfluidic devices can easily be designed to work together 59 with optical microscopy, allowing for imaging of fluorescent probes such as calcium indicators.
60
For C. elegans experimentation particularly, microfluidics has been a widely adopted technology gradients, while simultaneously recording neuronal responses through calcium imaging [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . In 64 contrast, there are currently no microfluidic devices capable of delivering mechanical stimuli to 65 C. elegans, or do so while recording neuronal activities in a controlled manner. In this work we 66 present a microfluidic platform for delivering robust and precise mechanical stimuli to C. 67 elegans by using pneumatically actuated structures. The device is fully automated, minimizing 
Results
77
Our microfluidic device is optimized to deliver precise and repeatable mechanical stimuli to . Two additional actuated structures act as loading and 85 imaging valves (Fig. 1a) . This design retains animals in plane and relatively stationary but not 86 fully immobilized, thus allowing high-quality imaging of calcium transients in cell bodies and 87 subcellular processes (Fig. 1b) . To automatically identify the fluorescently labeled neuron of 88 interest and extract quantitative calcium transients, we developed a neuron tracking algorithm 89 ( Supplementary Fig. 3 ). The actuated structures are connected to a pressure source via 90 individually controlled off-chip solenoid valves, allowing for an automated and rapid "load-and-91 image" routine (Fig. 1c) . Additionally, the duration and pressure of stimuli can be easily 92 controlled, allowing for the study of a variety of behaviors upon mechanical stimuli such as 93 graded response, habituation, and arousal. Furthermore, this design can be easily adapted to 94 allow for sorting and imaging animals of various sizes.
96
To demonstrate the utility of the system, we examined the responses of the classic gentle
97
(AVM, ALMR/L, PVM, and PLMR/L) and harsh (PVD) touch receptor neurons 19 (Fig. 1d) . AVM 106 responded to anterior but not posterior stimuli (Fig. 1k) . In contrast, PVD responded to both 107 anterior and posterior stimuli, as did PVM, with the responses to posterior stimuli being stronger 108 for both of these classes of neurons (Fig. 1l, m) . These results demonstrate that the 109 mechanosensory chip delivers biologically relevant, spatially well-defined stimuli.
111
Because our system delivers mechanical stimuli by applying externally controlled pressure to 112 actuated structures, the stimuli can be regulated by the magnitude and duration of the applied 113 pressure ( Fig. 2 and Supplementary Fig. 2 ). In the range of stimuli of relevance, the deformation 114 in the animal tissue is roughly linear to the actuation pressure ( Supplementary Fig. 2 ). To 115 examine the effects of these two parameters, we applied anterior stimuli of varying levels of 116 pressure and durations, and measured calcium activity in AVM neurons (Fig. 2a-d and 
117
Supplementary Fig. 4a, 5 ). Peak calcium transients were roughly proportional to the pressure 118 applied (Fig. 2a, c ) and the stimulus duration (Fig. 2b, d and Supplementary Fig. 4, 5 ). We also 119 tested AVM's responses in the well-known mec-4/DEG/ENaC channel mutant (Fig. 2e) . As 120 expected, the mec-4 mutant gives negligible response and is insensitive to the magnitude of the 121 stimulation input in the gentle touch regime, but is responsive to harsh touch, perhaps even more 122 so than wild-type (Fig. 2e,f) . Similarly, in the harsh touch regime, we presented posterior stimuli 123 of varying pressure and durations, and observed responses in PVD neurons (Fig. 2g, h ). As shows graded response to pressure and duration (Fig. 2g, h and Supplementary Fig. 4b ).
128
Interestingly, in addition to response magnitude, the response rates of both the gentle touch 129 and the harsh touch neurons are also functions of the stimulation pressure and duration (Fig. 2i) .
130
For AVM, stimuli with actuation pressure higher than 40 psi produce a response rate (fraction of 131 animals responding) of >90%, while below 30 psi the response is more stochastic (<20%) (Fig. 132 2i and Supplementary Fig. 4-6) . Applying stimuli at lower actuation pressure also elicits a less 133 sustained response or small magnitude of response and shorter stimuli elicits less response.
135
Besides simple stimulation, our system can also be used to deliver repeated stimuli in order
136
to examine phenomena such as habituation and desensitization. Previous work has shown that 137 presenting repeated mechanical stimuli can cause habituation in mechanosensory neurons 20 . To 138 ask whether this phenomenon can be recapitulated in our system, we delivered repeated stimuli 139 to animals using either short (1s) or long (3 min) inter-stimulus intervals (Fig. 2j-m and 
140
Supplementary Fig. 7 ). When receiving repeated stimuli with short intervals, the neurons 141 exhibited an incremental increase in response magnitude up to the second stimuli, and then a 142 reduced response in later stimuli (Fig. 2j, l) . In contrast, when using long inter-stimulus intervals, 143 the response magnitude was reduced after each stimulus (Fig. 2k, m In contrast to gluing protocols, our system allows for automated imaging by streamlining the 149 handling of the worms; this in turn allows for high-throughput experiments that were not 150 practicable before. To demonstrate the ability to perform rapid screens, we examined the effect 151 of small molecules from an orphan ligand library on mechanosensation. We exposed animals to 152 the compounds in L4 stage, and imaged AVM activity when delivering an anterior stimulus to 153 adult worms (Fig. 3a) . Figure 3b shows a typical response of wildtype animals without drug 154 perturbation: calcium traces typically reach a maximum value shortly after the end of stimulus,
155
and then slowly decline back to baseline levels. In order to examine how each drug affects 156 mechanosensation, we quantitatively compared three metrics (max ∆R/R o , delay time, and half-157 life), as well as fraction of animals responding, between drug-treated animals and untreated 158 animals ( Fig. 3c-h and Supplementary Fig. 8, 9 ). We imaged adult animals exposed to 13 159 different drugs and quantified the established parameters for the screen criteria (Supplementary 160   Table 1 ). While most of the drugs screened lowered the number of animals responding to 161 mechanical stimulus, interestingly, a few drugs slightly increased the response fraction (Fig. 3c ).
162
We also analyzed differences in the metrics measure calcium dynamics for the drug treatment 163 conditions, and found that five of the drugs we tested significantly affected mechanosensation 164 response dynamics ( Fig. 3d-f ). Specifically, D-Alanine (#5) and D-Arginine (#8) significantly 165 attenuated the max ∆R/R o while increasing the delay in the responses (Fig. 3d , e, h). In contrast,
166
D-Lysine (#4) only attenuated the max response (Fig. 3d, g ). Two other drugs had effects only in 167 the decay-time of response ( Fig. 3f-h ). D-Isoleucine (#3) induced considerably smaller half-life 168 for the calcium transients to return to baseline, much faster than in untreated animals ( Fig. 3f, g ).
169
Lastly, β-Alanine (#6) significantly increased the half-life, and calcium transients decreased in a 170 slow linear gradient, instead of a typical exponential decay (Fig. 3f, h ).
172
Another advantage of using microfluidics to deliver mechanosensory stimuli is that it is 173 compatible with other microfluidic components to provoke additional sensory responses, e.g. . We show here that PVC's response can be modulated, by prior 235 sensory inputs, and that this modulation is cross-modal. This may point to an interesting 236 ecologically relevant strategy for animal behavior, such that the reliability of the escape response 237 depends both on the stimulus and on the current state of the circuit, as influenced by experience.
239
Because our platform employs a simple microfluidic device, it is easily adaptable to study To construct AQ3236, we used a single-copy insertion vector containing a GCaMP6M transgene 
Data Analysis
306
Fluorescence intensities for each frame were extracted using customized neuron-tracking 307 Matlab scripts (Supplementary Fig. 7) . In strains where both GCaMP6 and RFP are expressed, 
454
Average traces of GCaMP6 signals in e) ALM soma to 1s stimulus (n=16), f) ALM process to 2s 455 stimulus (n=7), g) PVD soma (n=9, 55psi), h) PVM soma (n=17), i) PLM soma (n=9), and j) 456 PVD process to 1s stimulus (n=5) at 45psi. Error bars represent SEM. identified by the user in the first frame, and by distance to the neuron in the previous frame.
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Lastly, once the neuron is detected for each frame, intensity values are extracted (Green ROI,
566
Red ROI, Green Background, and Red Background). b) Example of algorithm procedure. response is reduced when using lower pressures (comparing a to Fig. 2a, and a to c) . Response is 580 also attenuated when using shorter durations (comparing a to b). Error bars represent SEM. 
